Base frequency, codon usage, and intercodon identity were analyzed in five filarial parasite species representing five Onchocercidae genera. Wucheria bancrofti, Brugia malayi, Onchocerca volvulus, Acanthocheilonema viteae, and Dirofilaria immitis gene sequences were downloaded from NCBI, and analysis was performed using locally designed computer programs and other freely available applications. A clear sequence bias was observed among the nematode species examined. At the nucleotide level, AT basepairs were present in gene sequences at higher frequencies than GC. In addition, codons ending in A or T were used proportionately more than those with G or C in the third-codon position. In addition, the amino acids used most often corresponded to codons ending in AT basepairs. Intercodon base proportion was biased in that A was found most often at N4, second only to T in certain specific cases. Since all of these sequence biases were observed in a relatively consistent fashion among all of the organisms studied, we conclude that sequence bias is a genetic characteristic, which is associated with multiple filarial genera.
INTRODUCTION
The invasion of filarial larvae into the human body stimulates an immunogenic response, which causes subsequent pathological complications varying from minor to major filariasis. In addition, the presence of invading larvae can damage vital organs such as the eye, leading to blindness and death if not treated properly. Filarial infection is prevalent in both the Third World and many cosmopolitan centers. Current estimates suggest that approximately 150 million people, equivalent to 2.45% of the world population (U.S. Bureau of the Census 2001, http://www.census.gov/ cgi-bin/ipc/popclockw), are infected with filarial parasites (Peters and Gilles, 1995; Ogunrinade et al., 1999; Basanez et al., 2000) , and 1 billion more are at risk (Johnston et al., 1999) .
According to the genome hypothesis, genes in a single genome and those in phylogenetically related species use similar patterns of codon usage (Levin and Whittome, 2000) . However, most codons have a synonymous alternative except for those encoding methionine (AUG) and tryptophan (UGG), suggesting instead that variability in codon selection may exist. Therefore, the genetic code is degenerate, and synonymous codons are used with unequal frequencies in different genes (McClellan, 2000) . Heterogeneity of codon usage has been found in the genes of eukaryotes such as Saccharomyces cerevisiae (Sharp and Cowe, 1991) , Arabidopsis thaliana (Mathe et al., 1999) , Drosophila melanogaster (Moriyama and Powell, 1998) , Caenorhabditis elegans (Stenico et al., 1994) , and Schistosoma mansoni (Ellis et al., 1995) . In C. elegans a codon usage bias for AT basepairs is present at the wobble position, and biased sequences are associated with high levels of gene expression (Stenico et al., 1994) . In addition, data indicate that codon usage bias is dependent upon the overall base composition of the genes analyzed, which defines the types of codons present in the nucleotide sequences. Similar studies have also been carried out in the Brugia genus, identifying a bias for A or T at the third-codon position and a composition dependency (Hammond, 1994) . Furthermore, sequence patterns in Sc. mansoni have been studied and are characterized by similar AT biases in codon usage (Musto et al., 1998) . Also, codon usage patterns in the genome of Onchocerca volvulus have recently been investigated and are subject to bias (Unnasch and Williams, 2000) . In contrast, relatively low levels of codon usage bias have been detected in sporozoan parasites. It is speculated that the codon usage patterns detected in these parasitic protozoa are the result of directional genomic mutation pressure (Ellis et al., 1994) . In addition, serine protease inhibitors (serpins) have recently been investigated in Brugia malayi in an effort to identify candidate vaccine proteins (Zang et al., 1999) .
Similarly, shared nonrandom dinucleotide patterns have been identified in DNA sequences corresponding to phylogenetically related species Russell et al., 1976; Karlin and Ladunga, 1994) . These sequence signatures, known as "general design" patterns (Russell et al., 1976) , are generated as a result of evolutionary pressure, methylation patterns, and mechanisms of DNA replication and repair. Furthermore, context-dependent mutation patterns, which influence the general composition of the genomic sequence, impact upon these dinucleotide regions (Russell et al., 1976; . As a result, it is anticipated that intercodon dinucleotide pairs, namely, the wobble position nucleotide of one codon and the first position base in the following codon, would have an effect on codon choice (de Amicis and Marchetti, 2000) . Base composition has been found to influence both codon usage and gene function (Seetharaman and Srinivasan, 1995; Karlin and Mrazek, 2000) . GC-rich genes tend to be of greater transcriptional and mitogenic significance than AT-rich genes, consistent with GC 3 AT mutational drift in methylated genomic regions. Moreover, in murine rodents coding exons tend to be rich in GC basepairs, primarily at the third-codon position, compared to introns (Hughes and Yeager, 1997) . Third-base GC retention also identifies critical amino acids within individual proteins, as indicated by nonrandom patterns of codon variation between gene homologues and also by differential sequelae of sitedirected mutagenesis. Amino acids corresponding to codons with G or C basepairs at the third position thus appear more tightly linked to cell function and survival than those encoded by codons with A or T at this site (Epstein et al., 2000) . Sequences corresponding to highly expressed genes tend to make use of single optimal codons in the translation of specific amino acids (Sharp and Devine, 1989) . In addition, genes possessing a codon usage pattern that varies from the mean but is similar to that of ribosomal protein genes are expressed at high levels (Karlin and Mrazek, 2000) . This correlation between codon usage and gene expression (Sharp et al., 1993) can be useful in the characterization of specific genes with respect to expression level and function (Mathe et al., 1999) . Moreover, this relationship is also useful in the identification of coding and noncoding regions (McLachlan et al., 1984) . Furthermore, it has been suggested that rare codons can be used for the regulation of specialized gene expression in bacteria (Saier, 1995; Sharp and Li, 1986) . In addition, similar atypical codon usage among phylogenetically related organisms can be used to infer that genes have been acquired through horizontal transfer (Groisman et al., 1992; Medigue et al., 1991) .
Codon usage analyses require the application of the codon adaptation index (CAI), a simple and effective measure of synonymous codon usage bias (Sharp and Li, 1987) . The index uses a reference set of highly expressed genes from a species to assess the relative merits of each codon, and a score for each gene is calculated from the overall codon usage frequency of that gene. Specifically, the index assesses the extent to which selection has been effective in molding the pattern of codon usage. The CAI has also been used to identify a gene family found in multiple organisms, which is associated with low codon usage bias (Bulmer, 1990) . In addition, N c , which represents the number of unique codons used per gene, can be used to investigate the codon usage patterns present within specific genes (Wright, 1990) . This value represents the extent of codon preference used by a given gene and is plotted as a function of GC content at each codon position.
In some cases, the accuracy of synonymous codon usage statistics has been shown to decrease with decreasing gene length (Comeron and Aguade, 1998) . Such a result was observed in the measurement of the scaled 2 value, which estimates the departure of a given sequence from equal synonymous codon usage. A similar gene length dependence was observed with respect to the codon bias index (CBI) and the intrinsic codon bias index (ICDI). However, CAI and N c measurements, both relevant to this analysis, were not dependent upon gene length (Comeron and Aguade, 1998) .
Correlations have often been made between codon usage and gene expression; furthermore, the amount of sequencing information currently available is unparalleled. Therefore, it is an opportune time to investigate gene expression levels and sequence usage in filarial nematodes. Studying codon and intercodon usage patterns will better our understanding of filarial evolution with respect to genetics (McWeeney and Valdes, 1999) . In addition, in silico analyses of codon usage and base composition will provide valuable information for use in molecular investigations (Chen and Cheng, 1999) . Moreover, the prediction of gene expression levels will clarify the mechanisms by which these parasites adapt to their host environment. In addition, this information will be invaluable in the design of primers for PCR and in the determination of exon boundaries (McInerney, 1998) . Clearly, investigations into parasitic codon usage will benefit both the scientific and the medical communities. Base composition and intercodon frequencies were investigated using freely available codon analysis programs. In particular, GCUA (McInerney, 1998) and ADE-4 (Perriere et al., 1996) were used to determine the base, codon, and amino acid number per gene. The ADE-4 package can be used through the Web (http:// pbil.univlyon1.fr/mva/coa.html). In addition, GCUA was used to perform statistical analyses, namely, a relative synonymous codon usage analysis (RSCUA), as described by Sharp and Li (1986) , and a factorial correspondence analysis (FCA), as described by Greenacre (1984) . Furthermore, the program provided a measurement of the CAI (Sharp and Li 1987) and the number of unique codons used per gene (N c ) (Wright, 1990) . To analyze intercodon frequencies, we designed a tool written in Perl, which recognizes DNA sequences saved in FASTA format. The intercodon base frequency per gene is measured as a function of the nucleotide present at the wobble position. The analytical output is then provided in text format to facilitate further analysis and interpretation using other programs. Amino acids tryptophan and methionine were ignored in all analyses; they are both encoded by a single codon, eliminating the possibility of synonymous codon interactions.
MATERIALS AND METHODS

Patterns
Base composition, intercodon frequency, and codon analyses were performed on an SGI Supercomputer with 4 GB of RAM and 1 TB of HD capacity. Results were then transferred to an IBM-compatible PC microcomputer equipped with 160 MB of RAM and a 20-GB hard drive running Microsoft Windows 98. Further statistical and graphical analyses were performed using SPSS and MS Excel, respectively.
RESULTS
Genes corresponding to the genomes of five parasite species, W. bancrofti, B. malayi, O. volvulus, Ac. viteae, and Di. immitis, were analyzed with respect to base and codon usage, as well as amino acid composition. Selection biases were observed at all levels from DNA to amino acids among all organisms being studied.
Gene sequences were analyzed with respect to specific mononucleotide and dinucleotide usage. Among all five organisms studied, A and T were present at significantly higher proportions than G and C (Table 1 ). In addition, A was present at higher proportions than T, and G was significantly more common than C. Therefore, this indicates that among all of these organisms there is a bias for AT basepairs over GC nucleotides and a further bias for A over T and G over C.
Gene sequences were then analyzed with respect to base usage at each of the specific codon positions. In many cases, the third position, known as the wobble site, is that which varies among synonymous codons. Therefore, studies dealt mainly with base usage at this specific site. Among all organisms studied, A and T were found more often at this wobble position than G and C, with A more prevalent than T and G more prevalent than C (Fig. 1) . Therefore, a codon-specific bias for AT over GC also appears to be present in the filarial coding sequences.
An analysis of the number of unique codons used per gene (N c ) was then performed, and results were plotted as a function of the GC frequency at the third-codon position (GC3). The N c value, defined as 2 ϩ GC3 ϩ (29/(GC3 ϩ (1 Ϫ GC3)
2 )), is a measure of the codon usage specificity in each organism (Wright, 1990) . Among all of the organisms studied, plots conformed to a reverse-parabolic distribution covering the entire data range (Fig. 2) . Therefore, since the N c reached a maximum at high GC3 frequency instead of remaining linearly correlated, this indicates that there is a bias against the usage of codons with G or C at the wobble position when the GC3 frequency is high.
Most often, multiple synonymous codons are used to encode identical amino acids. If conditions were fully random, each synonymous trinucleotide would be used at an equal frequency. However, unequal synonymous codon usage would indicate codon bias. As a result, to evaluate codon composition, relative synonymous codon usage (RSCU) values per amino acid were examined for each of the five genetic data sets (Table 2) . Values near 1 would indicate random codon usage, while values significantly greater or less than this threshold value would identify biased sequence usage. Codons used most often were rich in A or T at the wobble position. However, these codons possessed equal or lower AT frequency at positions 1 and 2. Specifically, in W. bancrofti the codon GCA possessed an RSCU value of 1.74, while the codon AUA possessed an RSCU of 0.80. A similar pattern among applicable codons was observed in all of the other organisms analyzed. Therefore, this indicates that the AT sequence bias was specific to the third-codon position and that a secondary bias might be present at the first two codon positions.
Recently, a clear influence of intercodon frequency on codon usage was described in plant genes (de Amicis and Marchetti, 2000) . However, very little attention has been paid to investigate this influence in parasite genes. To fill this gap, base frequency at the intercodon site was analyzed as a function of the base at the wobble position for each filarial parasite. In general, GC basepairs were found less often at N4 than AT nucleotides. Furthermore, among the data sets corresponding to W. bancrofti, O. volvulus, Ac. viteae, and Di. immitis, A was present most often at the intercodon position in the presence of A, C, or G at the wobble site. However, A was much less common at N4 in the presence of T at N3 (Fig. 3) . With respect to B. malayi, although A was found most often at N4 while C or G was present at N3, T was most common at N4 with A at N3. Among all species except for Ac. viteae, T was the most common nucleotide at N4 in the presence of T at N3. Intercodon results were found to be statistically significant (P Ͻ 0.05) through the use of a two-tailed unpaired heteroscedastic Student's T test (Fig. 4) . An amino acid analysis was then performed for each of the sequence data sets. Specifically, each gene collection was analyzed with respect to the mean proportion of specific amino acids per gene. A general trend in amino acid usage was observed for W. bancrofti, B. malayi, and O. volvulus, with genes possessing proportionately high levels of leucine, lysine, isoleucine, and arginine and low levels of asparagine. With respect to Ac. viteae, a more gradual spectrum of amino acid usage was observed, with higher levels of glycine and valine. Di. immitis also deviated from the general pattern, possessing high levels of valine and glutamine. Therefore, it appears as if the bias in base and codon usage does extend to the amino acid level. Genes encoding proteins found to have either biased or unbiased amino acid levels were identified and characterized. Genes subject to significant amino acid bias encoded proteins such as Hsp70, abundant larval transcript peptides (Alt-1, Alt-2), and chitinase, all expressed at high levels during parasite development (Karlin and Brocchieri, 1998; Gregory et al., 2000; Wu et al., 1996) . Genes with amino acid proportions similar to the mean also corresponded to highly expressed proteins, namely thioredoxin peroxidase, which is present throughout the parasite life cycle (Lu et al., 1998) . Therefore, results do not show that codon usage is associated with gene expression level.
The CAI was then calculated for each sequence. This important statistical factor provides a measure of gene expression levels relative to those of a specific control species, in this case Dr. melanogaster. The value is defined as the mean of the RSCU values corresponding to each codon used in the gene, divided by the maximum potential CAI that could correspond to a gene of identical amino acid composition (Sharp and Li, 1987) . Therefore, based upon knowledge of the relative expression levels of each codon, values closest to 1 signify high levels of expression, while those approaching 0 are associated with lower levels of expression. The CAI values corresponding to each of the genes from the data set ranged from 0 to 0.2, indicating that none is expressed at a relatively high level.
DISCUSSION
Nucleotide usage patterns play an integral role in the characterization of novel gene sequences. Primar- ily, correlations have been made between codon usage bias and levels of gene expression (Sharp et al., 1993) . Furthermore, horizontal gene transfer events among similar species have often been identified through the use of codon usage patterns (Groisman et al., 1992; Medigue et al., 1991) . In addition, patterns of nucleo- tide usage have been used within the medical community to select antigenic proteins for use as vaccines in the treatment of parasitic infection (Gregory et al., 2000) . Clearly, as large amounts of sequencing data become available, patterns of nucleotide usage will be of great importance in the definition and functional investigation of coding regions.
Base composition analyses revealed that the filarial gene sequences were AT-rich. Specifically, A was the most common nucleotide, while C was the least prevalent. A similar pattern has also been observed in Taenia sp., Entamoeba histolytica, and Plasmodium falciparum (Waterkeyn et al., 1998; Ghosh et al., 2000; Musto et al., 1999) , in which genomes are highly AT-rich. In addition, AT basepairs were more common at the third-codon position than GC basepairs in all of the organisms studied. This sequence bias could have been due to the base composition of the data set. Since the gene sequences were all ATrich, through simple probability, codons ending in A or T would be more likely to arise than those ending in G or C. However, A was found to be more common than T and G more common than C. Therefore, this indicates that in addition to simple base composition, some other factor was selecting for codons with A at the third-codon position and against codons with C at this site. Such a factor would be able to generate a definite sequence bias over time through progressive natural selection.
Plots of N c as a function of GC3 were reverse-parabolic, indicating that N c increased as a function of GC3 but then reached a maximum. This limit suggests that at low GC3 frequency, both AT3 and GC3 codons were being used equally, while under high GC3 conditions, AT3 codons were being chosen more often. Therefore, selection was likely taking place, driven by both the genomic base composition and evolutionary pressure. This is in contrast to results that have been observed for Taenia, in which low GC3 proportions are associated with all N c values (Waterkeyn et al., 1998) .
Among all of the organisms considered, codons with A or T at the third position were found in significantly higher proportions than those with G or C at this site. However, the base composition at codon sites 1 and 2 was not significantly biased for AT basepairs. Therefore, it seems likely that the wobble position (N3) is the main site that is subject to an AT bias. Whether there is also a bias for GC basepairs at positions 1 and 2 was not considered; such a condition has never been observed in previous analyses with other similar organisms such as Taenia sp., E. histolytica, and P. falciparum (Waterkeyn et al., 1998; Ghosh et al., 2000; Musto et al., 1999) . Therefore, a bias for AT basepairs at N3 appears to exist among the five filarial parasites.
W. bancrofti, B. malayi, and O. volvulus possessed genes encoding proteins consisting of high proportions of lysine, leucine, arginine, and isoleucine. In contrast, Ac. viteae genes encoded proteins rich in threonine, glutamate, and glycine. Di. immitis also varied from this general pattern, with genes encoding proteins rich in valine and glutamine. This makes intuitive sense in that many of the implicated amino acids are encoded by codons rich in A and T, namely lysine (AAA), leucine (CUU), isoleucine (AUU), and valine (GUU). Therefore, a complex sequence bias is clearly present at the amino acid level. Base frequency at the intercodon position was examined in the filarial data set. A was not found to be common at N4 in the presence of T at N3. This agrees with results from multiple plant species, including Ar. thaliana and Brassica napus, which indicate that T3pA4 is very rare (de Amicis and Marchetti, 2000) . In addition, T was found to be the predominant N4 nucleotide in the presence of T at N3 in all species except for Ac. viteae. This high frequency might have been the result of selection for T at N4. Although the presence of A at the third-codon position was favored in most cases, the presence of T at N4 might confer a selective advantage upon the use of codons ending in T.
Genes that encoded proteins that were biased with respect to certain amino acids were highly expressed. One such polypeptide, heat-shock protein-70 (Hsp70), which acts as a chaperone in protein folding and transport, is expressed at high levels under conditions of cell stress in organisms ranging from archaea to eukaryotes (Karlin and Brocchieri, 1998) . In addition, high-level expression is associated with abundant larval transcript proteins (Alt-1, Alt-2) (Gregory et al., 2000) . Alt-1 mRNA and alt-2 mRNA account for greater than 1% of the total mRNA present at the third larval stage of B. malayi development (Gregory et al., 2000) . Furthermore, the gene encoding chitinase protein, which is involved in postinfective parasite ecdysis in Ac. viteae and O. volvulus, is highly expressed (Wu et al., 1996) . Interestingly, genes encoding unbiased proteins were also associated with high levels of expression. In particular, the gene encoding thioredoxin peroxidase, vital to the neutralization of oxygen radicals that result from aerobic metabolism, is highly expressed in O. volvulus larvae (Lu et al., 1998) . These results conflict with previous studies that have shown that less biased sequences are associated with low levels of expression (Stenico et al., 1994) . Therefore, within this data set, levels of gene expression do not appear to be related to sequence bias.
In summary, gene sequences deriving from five filarial parasites were found to possess an AT nucleotide bias, which impacted upon codon and amino acid usage, as well as base usage at intercodon sites. These biases were present in sequences from all five parasites, suggesting that the patterns might be con- open reading frames to be defined, extensive codon usage investigations and expression analyses will be required for the functional characterization of the genome sequence. Furthermore, future work will undoubtedly define whether AT sequence bias is a dis- crete characteristic associated with all phylogenetically related parasites or whether it is simply an evolutionary artifact that has been maintained in only a small number of species.
